Biological control of saprolegniosis with bacteria might be an alternative to the use of chemical compounds. Among criteria for the selection of such bacteria are their absence of pathogenicity to fish and their ability to prevent adhesion of the pathogen to the skin mucus. The pathogenicity to rainbow trout of 21 bacterial isolates with in vitro inhibitory activity against Saprolegnia parasitica was studied. Fifteen of the isolates, identified as Aeromonas sobria, Pantoea agglomerans, Pseudomonas fluorescens, Serratia fonticola, Xanthomonas retroflexus and Yersinia kristensenii, were non-pathogenic when injected into rainbow trout. Their capacity to adhere to the skin mucus of male and female brown trout and to reduce the adhesion of S. parasitica cysts under exclusion, competition and displacement conditions was tested. The 15 bacterial isolates showed a low adhesion rate, ranging between 1.7% (for an A. sobria isolate) and 15.3% (a P. fluorescens isolate). This adhesion was greater in the case of mucus from male brown trout than from females. Similarities in the adhesion to male mucus and other substrates and correlation to that observed to polystyrene suggest that adhesion to skin mucus does not depend on the substrate. A high percentage (88.9%) of the S. parasitica cysts adhered to the skin mucus of male brown trout. Almost all of the bacteria reduced this adhesion ratio significantly under exclusion and competition conditions. However, only half of the isolates displaced cysts from skin mucus, and more bacterial cells were necessary for this effect. A novel method to study the adhesion of S. parasitica cysts to skin mucus of trout and their interactions with inhibitory bacteria is described.
INTRODUCTION
Saprolegniosis is a tegumentary disease of freshwater fish which can be observed by the presence of cotton-like tufts and ulcers on the skin. It is caused by members of the genus Saprolegnia, which nowadays is clasified into the kingdom Chromista. To prevent and control salmonid saprolegniosis in fish farms, different chemical compounds are used. Independently of their efficacy, the inappropriate use of these products has a potential risk for public health and for the environment.
One of the alternatives that is gaining increasing attention, apart from the use of natural substances such as essential oils (Muzzarelli et al. 2001 , Khosravi et al. 2012 , is the biological control of saprolegniosis. The in vitro inhibitory effects of some bacteria against Saprolegnia spp. have been described in several studies (Hatai & Willoughby 1988 , Bly et al. 1997 , Hussein & Hatai 2001 , Lategan & Gibson 2003 , Zhang et al. 2008 , Nurhajati et al. 2012 , Ran et al. 2012 . Carbajal-González et al. (2011) found that certain bacteria from the skin of brown trout Salmo trutta and rainbow trout Oncorhynchus mykiss can inhibit or render difficult the in vitro growth of Saprolegnia parasitica. Hence some of these bacteria might be useful in the biological control of saprolegniosis. Saprolegnia spp. infections are produced mainly via the skin; therefore, the skin mucus is the first barrier that S. parasitica must overcome if the skin is not cut or abraded. The ability of some potential probiotic bacteria to adhere to the skin and intestinal mucus of various fish species and to reduce the binding of some pathogens has previously been investigated (Nikoskelainen et al. 2001 , Vine et al. 2004 , Chabrillón et al. 2005 , 2006 , Balcázar et al. 2007 , Sica et al. 2012 ).
In the present study, we tested the absence of pathogenicity of a selection of inhibitory bacteria of Saprolegnia parasitica against rainbow trout. This was followed up by testing the effectiveness of the benign strains to adhere to the skin mucus of trout, and to reduce the adhesiveness of S. parasitica cysts when pre-inoculated (exclusion), added with the cysts (competition) or added after them (displacement). These studies will enable suitable bacterial isolates that may be of use in the biological control of saprolegniosis to be identified for further study.
MATERIALS AND METHODS

Pathogenicity for rainbow trout
Fish and bacterial isolates Rainbow trout Oncorhynchus mykiss were obtained from a commercial fish farm in the Province of León in Spain. The weight of the fish was 53 ± 16.2 g (mean ± SD) in the first challenge and 28.7 ± 9.2 g in the second. They were maintained for at least 10 d in aerated, free-flowing well water at 15°C so as to ensure their acclimatization.
We used 21 bacterial isolates which had been obtained from healthy skin and from saprolegniosis lesions of brown trout and healthy rainbow trout collected from rivers and fish farms in the Province of León. These isolates, which had shown a high inhibitory activity against Saprolegnia parasitica mycelium in previous in vitro assays, belonged to the species Aeromonas popoffii (2 isolates), A. sobria (7), Pantoea agglomerans (3), Pseudomonas fluorescens (5), Serratia fonticola (1), Xanthomonas retroflexus (1) and Yersinia kristensenii (2) (Carbajal-Gonzáles et al. 2011, their Table 3 ; A. salmonicida and A. piscicola were rejected).
Challenge to fish
To test the absence of pathogenicity of the bacteria to rainbow trout, 2 serial challenges were carried out: the first to eliminate any pathogenic bacteria and the second to confirm, with a larger number of fish, that these bacteria were actually non-pathogenic.
The bacterial isolates were grown in tryptone soy broth (Cultimed) at 20°C overnight. The cells were harvested by centrifugation at 1000 × g (10 min at 4°C), re-suspended in saline solution (0.9% NaCl w/v), counted in a haemocytometer chamber (Improved Neubauer Type, Albert Sass) at a magnification of 400× and adjusted to 10 7 cells ml −1 . A volume of 0.1 ml was injected intraperitoneally (i.p.) and intramuscularly (i.m.) into separate groups of 5 trout for the first challenge and 20 trout for the second. Control groups of 5 trout for the first challenge and 20 for the second were injected at the same points with 0.1 ml of saline solution. All fish were maintained under the same conditions in 40 l tanks at a flow rate of approximately 1 l min −1 . The dead and moribund fish and the survivors after 10 d (first challenge) or after 14 d (second challenge) were examined for evidence of disease. Loopfuls of material from the kidney, liver and spleen were spread over plates of tryptone soy agar (Cultimed) with incubation at 20°C for 7 d to determine the presence or absence of the inoculated bacterial isolates in the fish. The bacterial isolates recovered were examined by means of Gram-stained smears and biochemical tests (API 20 E and API20 NE, Biomerieux®).
Assays of adhesion to skin mucus
Bacteria and Saprolegnia isolates and skin mucus
We selected the 15 bacterial isolates that showed no pathogenicity, as determined in the previous assays. They belonged to the genera Aeromonas (3 isolates), Pantoea (3), Pseudomonas (5), Serratia (1), Xanthomonas (1) and Yersinia (2). The isolate of Saprolegnia parasitica Tru8, which was obtained from a wild brown trout with saprolegniosis (Fregeneda-Grandes et al. 2000) , was used for these assays. Zoospores and cysts were obtained as described by Fregeneda-Grandes et al. (2000) , that is, by incubating hemp seed halves previously colonized by S. parasitica in sterile and filtered river water for 36 h at 20°C and harvesting them.
Healthy male and female brown trout (4 specimens of each sex) were obtained from a hatchery belong-ing to the Regional Government of Castile and Léon (Junta de Castilla y León), to prepare separate pools of skin mucus for the assays. Fish with body weights of 138.6 ± 76.5 g were carried alive to the laboratory and sacrificed by a blow to the head. The skin mucus was immediately collected into a Petri dish from the whole body by scraping the surfaces with a plastic spatula. Then it was removed from the plate into a centrifuge tube with the aid of a small amount of phosphate-buffered saline (PBS), and was centrifuged twice at 12 000 × g (5 min at 4°C) to remove particulate and cellular debris. The protein concentration was determined using Bradford reagent (Sigma) and bovine serum albumin (BSA; Sigma) as a standard. Preparations were then adjusted to a protein concentration of 0.5 mg ml −1 in PBS. This mucus suspension was finally sterilized by UV light exposure for 30 min and stored in aliquots at −20°C until use.
Labelling of bacteria and cysts and adhesion assays
Bacteria and cysts of Saprolegnia parasitica were stained with the green fluorescent nucleic acid stain Syto 9 (Invitrogen) at a concentration of 1 µl per 10 9 bacteria in 1 ml and 1 µl per 10 5 cysts in 1 ml. After the stain had been added to the bacterial or cyst suspensions in sterile saline solution, the bacteria and cysts were pelleted by centrifugation at 10 500 × g (10 min) to remove the supernatant and resuspended in 1 ml of fresh saline solution. They were spectrophotometrically analysed in a Genios (Tecon) microplate reader (485 nm excitation, 535 nm emission).
Trout skin mucus preparations (25 µl) were diluted 1/10 (so that the final protein concentration was 0.05 mg ml −1 ) and added in triplicate to a 96-well black polystyrene plate (Costar). Both male and female brown trout skin mucus was tested. As indicators of unspecific adhesion, BSA (0.05 mg ml −1 ) and mucin from porcine stomach Type II (MPS; 0.05 mg ml −1 , Sigma) were used. Then, 75 µl of coating buffer (16.8 g sodium hydrogen carbonate, 21.2 g sodium carbonate per litre, pH 9.6) was added to each well and left overnight at 4°C. After washing with PBS-Tween 20 (0.1%), 25 µl of fluorescently labelled bacterial solution (10 9 bacterial cells ml −1 ) was added to the coated wells and also to wells without coating, to test adhesion to polystyrene. Bacteria were forced to the bottom of the plate by centrifugation (163 × g, 12 s) and incubated for 30 min in the dark at room temperature, and then the fluorescence generated by labelled bacteria was recorded with a Genios (Tecon) microplate reader as described above. This was considered the measurement at time 0 (T0). After this, plates were washed with saline solution to remove non-attached bacteria, and the remaining liquid was removed by centrifugation of the plates upside down on an absorbent paper. A second spectrophotometrical measurement was done after adding 50 µl of saline solution to the wells. Adhesion was expressed as the percentage of fluorescence recovered in the second measurement relative to the fluorescence at T0. Binding of the mucus to the plate was confirmed by a lectin-binding assay as described by Neuhaus et al. (2007) , using Dolichos biflorus lectin (DBA, Sigma).
For the adhesion assays with the cysts of Saprolegnia parasitica, the same 96-well black polystyrene plates coated with the skin mucus of male and female brown trout were used in triplicate. The steps followed in the assays were the same as those described above but using fluorescently stained cyst suspension instead of bacteria. Adhesion was expressed as the percentage of fluorescence of the bound cysts in the second measurement relative to the fluorescence of the cysts at T0.
Exclusion, competition and displacement tests
For these tests, non-stained bacteria were prepared at an initial concentration of 10 9 bacterial cells ml −1 in saline solution, and a further 7 serial 10-fold dilutions were done. The cysts were stained as described above, and the concentration used for the assays was 10 5 cysts ml −1 . The same 96-well plates were coated only with male trout mucus for these assays, as the incidence of saprolegniosis is higher in males (Aller-Gancedo & Fernández-Díez 1987) . For the exclusion test, 25 µl of each dilution of the bacterial isolates was added to the wells and incubated for 30 min at room temperature. After a wash with saline solution to remove non-adhered cells, a 25 µl quantity of labelled cysts was added, and the plates were incubated for another 30 min at room temperature. For the competition test, 25 µl of each bacterial dilution and 25 µl of stained cysts were added simultaneously to the wells and incubated for 60 min at room temperature. For the displacement test, the labelled cyst suspension was first added to the wells and incubated for 30 min at room temperature. After a wash with saline solution to remove non-attached cysts, each dilution of the bacterial suspension was added and the plates were incubated for another 30 min at room temperature. After 60 min of incubation for each condition, plates were washed with saline solution and the adhesion ratio (%) was calculated as described above. As a control for each condition, wells with saline solution instead of bacterial cells were prepared. The percentage of cysts bound to these control wells was considered as the reference value (100%).
Statistical analysis
All results are shown as the average of at least 3 independent experiments; variation is expressed as standard deviation. A paired Student's t-test and a Student's t-test were used to determine whether the adhesion of bacteria to the various substrates tested differed significantly (p < 0.05). The Pearson correlation coefficient was calculated to determine any possible relationship between adhesion to polystyrene and to male skin mucus.
For the exclusion, competition and displacement tests, the differences in adhesion of the cysts to the skin mucus, with or without bacteria, were considered significant when p < 0.05 with the Student's ttest. All the statistics were calculated using SPSS for Windows version 16.0 and Microsoft Excel 2003.
RESULTS
Pathogenicity for rainbow trout
Results of both challenges performed are summarised in Table 1 . In the first challenge with the 21 bacterial isolates, 15 were considered non-pathogenic for rainbow trout, as there was no mortality or signs of disease following the im or ip inoculation. These isolates belonged to the species Aeromonas sobria (3 isolates), Pantoea agglomerans (3), Pseudomonas fluorescens (5), Serratia fonticola (1), Xanthomonas retroflexus (1) and Yersinia kristensenii (2). The remaining bacterial isolates, Aeromonas popoffii (2) and Aeromonas sobria (4), caused 20 to 40% mortality and/or macroscopic lesions in internal organs, especially in the liver and spleen. All bacteria were recovered from the internal organs.
The 15 non-pathogenic isolates from the first challenge proved non-pathogenic again when challenged against rainbow trout for a second time. When the fish were sacrificed after 14 d, 7 out of the these 15 bacterial isolates were recovered once again in a small number of fish from the point of i.m. inoculation; with the exception of a single fish, no bacteria were re-isolated from internal organs ( Pathogenicity to rainbow trout of 21 bacterial isolates after intramuscular (i.m.) or intraperitoneal (i.p.) injection with 10 6 cells. Mortality and re-isolation of bacteria from trout show the results of the challenge in 10 (5 + 5) fish with the first 6 isolates and in 10 plus a further 40 (20 + 20) fish with the remaining 15 isolates once again isolated showed signs of disease or macroscopically visible changes.
Adhesion assays
Adhesion of bacteria and Saprolegnia parasitica cysts to skin mucus
The results for the adhesion of bacteria to brown trout skin mucus are shown in Table 2 . Adhesion to male brown trout skin mucus was low for the 15 bacterial isolates tested, ranging from 1.7% of the bacterial cells (Aeromonas sobria LE 76) to 15.3% (Pseudomonas fluorescens LE 141). The adhesion of bacteria to skin mucus of male brown trout was higher than the adhesion to female skin mucus (paired t-test, p < 0.003). However, adhesion to BSA and to MPS was similar to that observed on the skin mucus of male brown trout (paired t-test p > 0.05), and was statistically different in only 5 bacterial isolates between BSA and male skin mucus and in another 5 between MPS and male skin mucus (Student's t-test, p < 0.05). The adhesion to polystyrene was also similar to that measured on the skin mucus of male brown trout (paired t-test, p > 0.05), except A. sobria LE 51, which had a lower adhesion to polystyrene than male trout mucus, and P. fluorescens LE 141, which had a lower adhesion to polystyrene than both male and female trout mucus (Student's t-test, p < 0.05). A positive correlation between adhesion to male brown trout mucus preparations and polystyrene was detected (Pearson correlation coefficient, r = 0.7408; p = 0.0014, 1-tailed).
The adhesion of Saprolegnia parasitica cysts to the skin mucus of male brown trout was high (88.9 ± 6.8%) and greater than adhesion to female skin mucus (75.5 ± 7.5%). No significant differences were observed between adhesion of cysts to the skin mucus of male brown trout and the other substrates (Student's t-test, p > 0.05; Fig. 1 The results of these tests are shown in Table 3 . Under exclusion conditions (adding bacteria to skin mucus before cysts), the adhesion of Saprolegnia parasitica cysts was significantly reduced by 13 of the 15 bacterial isolates (Student's t-test, p < 0.05), but with different numbers of bacterial cells.
Four of the bacterial isolates achieved this significant reduction of cyst adhesion up to the third dilution (2.5 × 10 7 bacteria), 4 up to the fourth (2.6 × 10 6 bacteria), 3 up to the fifth (2.5 × 10 5 bacteria) and 2 up to the sixth (2.5 × 10 4 bacteria In the competition tests (adding bacteria and cysts simultaneously to the mucus), the adhesion of the cysts was significantly reduced by all bacterial isolates tested (Student's t-test, p < 0.05), differing again in the number of cells to achieve this. One of the bacterial isolates reduced this adhesion up to the third dilution (2.5 × 10 7 bacteria), 7 did so up to the fourth (2.5 × 10 6 bacteria), 5 up to the fifth (2.5 × 10 5 bacteria) and 2 up to the sixth (2.5 × 10 4 bacteria). These last 2 isolates were Aeromonas sobria LE 74 and LE 76. Significant percent reductions in the adhesion of Saprolegnia parasitica cysts ranged between 88.03 and 7.42%.
In the displacement tests (adding cysts to the mucus and then bacteria), only 8 of the 15 isolates tested were able to significantly reduce the adhesion of cysts to skin mucus (Student's t-test, p < 0.05). Six of them achieved it up to the third dilution (2.5 × 10 7 bacteria) and 2 up to the fourth (2.5 × 10 6 bacteria). These latter isolates were again Aeromonas sobria LE 74 and LE 76. Significant percent reductions in the adhesion of Saprolegnia parasitica cysts ranged between 28.16 and 5.24%. Fig. 2 shows the percentage reduction of S. parasitica cyst adhesion achieved by the best 4 of the 15 bacterial isolates in all the conditions tested.
DISCUSSION
A high proportion of the bacteria tested (15 out of 21) did not adversely affect rainbow trout. The isolates with pathogenic effects belonged to Aeromonas sobria and A. popoffii and caused lesions in internal organs and/or mortality. A. popoffii does not appear to have been described as pathogenic for fish, although some virulence factors have been reported (Soler et al. 2002) . In contrast, certain isolates of A. sobria have been described as causing disease in fish such as gizzard shad Dorosoma cepedianum and perch Perca fluviatilis .
In contrast to the pathogenic Aeromonas sobria isolates tested in this study, other isolates of this species were not pathogenic for rainbow trout, nor were those belonging to the species Pantoea agglomerans, Pseudomonas fluorescens, Serratia fonticola, Xanthomonas retroflexus and Yersinia kristensenii. However other authors have found pathogenic strains of P. agglomerans and P. fluorescens (Bly et al. 1997 .
The absence of pathogenicity of certain bacterial isolates belonging to species that cause diseases in fish, as well as their usefulness as probiotics against several pathogens, has been previously demonstrated in rainbow trout. For example, Irianto & Austin (2002) did so with an Aeromonas hydro phila isolate against furunculosis, and Brunt & Austin (2005) and Brunt et al. (2007) assessed the ef fectiveness of an A. sobria isolate to control several diseases, including lactococcosis, streptococcosis and furunculosis. However, it may become necessary to assess whether the 15 bacteria that were not pathogenic for rainbow trout would be equally benign against other fish species, particularly other salmonids, if they were intended to be used for biological control.
The adhesion of bacteria to the skin mucus of fish is a desirable characteristic if they are to be used in biological control of a disease (Chabrillón et al. 2005 ). In the present study, the adhesion to the skin mucus of brown trout of the bacteria tested was low, with percentages of adhesion not higher than 15.3%. The most adhesive isolate was Pseudomonas fluorescens LE 141, followed by Pantoea agglomerans LE 35. The limited adhesion of bacteria to fish mucus is in agreement with the results of previous studies (Chabrillón et al. 2005 , 2006 , Balcázar et al. 2007 , with adhesion being lower on skin mucus than on gut mucus of rainbow trout and other fish species on some occasions (Chabrillón et al. 2006 , Balcázar et al. 2007 . We observed that there was greater adhesion of bacteria to the skin mucus of male than of female brown trout, and this may have implications for the future treatment of fish with inhibitory bacteria against Saprolegnia parasitica. Thus, female trout would need to be treated with higher concentrations of bacteria.
The non-specific binding of bacteria can be measured by testing their adhesion to BSA because, as Ouwehand et al. (2003) stated, it is unlikely that bacteria develop a specific affinity for this protein. In our study, the adhesion of bacteria to the skin mucus of male trout was in general not higher than to BSA. This is in agreement with Balcázar et al. (2007 Balcázar et al. ( , 2008 , who found differences only between adhesion to intestinal mucus of rainbow trout and to BSA, but not using skin mucus; in contrast, Nikoskelainen et al. (2001) found differences in the adhesion between rainbow trout mucus of both origins and BSA.
We found that the adhesion of bacteria to MPS was generally lower than the adhesion to male brown trout skin mucus. This suggests that the adhesion of bacteria to mucus has no host specificity and depends more on the bacterial isolate than on the kind of mucus tested. The lack of host specificity was also observed by other authors (Nikoskelainen et al. 2001 , Rinkinen et al. 2003 , Chabrillón et al. 2005 , 2006 , although it would be a desirable characteristic in any bacteria to be used in biological control (Rinkinen et al. 2003 , Chabrillón et al. 2005 .
Adhesion to polystyrene was found to be generally similar to that observed to skin mucus of male trout in this study, as also shown elsewhere (Nikoskelainen et al. 2001 , Balcázar et al. 2007 ). The strong adhesion of bacteria to polystyrene has been related to hydrophobic interactions (Balcázar et al. 2007 (Balcázar et al. , 2008 , and some authors have reported that strong hydrophobicity is an indicator of good binding ability (Wadstroum et al. 1987 , Balcázar et al. 2007 , Pérez-Sánchez et al. 2011 . In our study, a correlation between adhesion to polystyrene and to the skin mucus of trout was found, opposite to the results of Balcázar et al. (2007) . However, Ouwehand et al. (1999) stated that there was no relationship between a strong capacity for adhesion and hydrophobic interactions. Another indicator of good binding ability of bacteria could be auto-aggregation (Collado et al. 2008 ).
In the present study, a new technique to study the adhesion of cysts of Saprolegnia parasitica to skin mucus of trout and also the ability of bacteria to reduce this adhesion under different conditions has been described. The strong binding of S. parasitica cysts to the skin mucus of brown trout might be due to the presence of hooked hairs in bundles, which has been considered as an adaptation of the most pathogenic strains in order to achieve attachment to the host (Pickering & Willoughby 1982 , Beakes 1983 ), although we have not found differences between the adhesion of S. parasitica and S. diclina isolates to skin mucus (data not shown), so other factors such as the glycoproteins surrounding the spines may also be involved in the attachment (Burr & Beakes 1994) . The adhesion of cysts was higher to the skin mucus of male brown trout than to the skin mucus of females. This may be related to the higher incidence of saprolegniosis in male trout found by other authors (Aller-Gancedo & Fernández-Díez 1987) . Another hypothesis to explain the greater predisposition of male brown trout to become infected is the smaller amount of mucus on the skin of males, which Pickering (1977) associated with their higher plasmatic levels of androgens and which might reduce the level of protection from the skin.
The ability of bacteria to reduce the adhesion of cysts to the skin mucus of trout varied in accordance with the conditions of the experiment. In competition and exclusion tests, all, or nearly all, of the isolates succeeded in impeding to some extent the binding of Saprolegnia parasitica. However, only half of the bacterial isolates managed to displace the cysts from skin mucus, and, even among these, higher bacterial concentrations were needed for this effect. This may be because of the strong ability of the S. parasitica cysts to adhere, which makes it difficult to displace them once they are attached. Other authors have performed similar assays on skin and gut mucus of different fish species, but with bacterial pathogens, and obtained different results (Vine et al. 2004 , Chabrillón et al. 2005 , 2006 , Balcázar et al. 2007 , Sica et al. 2012 .
The bacterial isolates which most effectively reduced the adhesion of Saprolegnia parasitica cysts to the skin mucus of male brown trout were those belonging to the species Aeromonas sobria, followed by some Pseudomonas fluorescens isolates. The P. fluorescens LE 141 isolate, which was the most adhesive to the skin mucus of trout, achieved considerable exclusion and competition of binding by cysts, but it did not displace them from the mucus.
The bacterial isolates used in this study that were not pathogenic for trout and had a strong ability to reduce the adhesion of Saprolegnia parasitica cysts to skin mucus might be good candidates for use in the biological control of saprolegniosis. Further studies are needed to determine the in vivo inhibitory effect of these bacteria against saprolegniosis that has been predicted by previous studies. 
